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Heralded single photon sources are the most commonly used sources for optical quantum tech-
nology applications. There is strong demand for accurate prediction of their spectral features and
temporal correlations with ever increasing precision. This is particularly important in connection
with the intrinsically stochastic photon-pair generation process in heralded sources. Here we present
a complete theoretical description of the temporal correlation of a signal-idler, signal-signal and
signal-signal-idler coincidences of photons generated by continuous wave pumped cavity-enhanced
spontaneous parametric down-conversion. The theory excellently predicts the measurements, which
has been experimentally confirmed in our setup utilizing single photon detectors with high temporal
resolution. This enables us to resolve and analyze the multi-photon correlation functions in great
detail.
Spontaneous parametric down-conversion (SPDC) is a
widely used nonlinear process to generate photons in sev-
eral quantum applications such as quantum cryptography
[1], quantum imaging [2, 3] or quantum interfaces [4, 5].
SPDC sources are also able to generate entangled pho-
tons [6–8] or photonic cluster states [9] to prove general
physical concepts in loophole-free tests of Bell’s theorem
[10–12] or to perform optical quantum information pro-
cessing [13]. However, all of these applications are limited
by the photon generation rate and the lack of the full a
priori knowledge of the photon state. Unknown correla-
tions or properties of the photon state quickly deteriorate
any potential for quantum applications.
The SPDC process generates two photons, called signal
and idler, with strong spectral and temporal correlation.
To enhance the generation rate for a specific wavelength,
a nonlinear crystal can be placed inside a cavity, realiz-
ing a cavity-enhanced SPDC source [14–17]. Moreover,
the cavity geometry, the reflectivity of the mirrors and
the free spectral range of the cavity determine the spec-
tral structure and temporal correlation of the generated
SPDC photons. The cavity provides a tool to tailor the
parameters of the photon state, for example to match
the emission of the SPDC photons to a specific atomic
transition line [17–20]. Complementary to the spectral
features, the control of temporal correlations is equally
important. Examples are the use of multiple photon pair
sources as resource for on-chip optical quantum informa-
tion processing [21, 22] or the realization of time-bin en-
tangled photon sources [23, 24]. Surprisingly, a theoreti-
cal description of the temporal correlation for signal-idler
pairs has been described in literature only for special con-
figurations [25] or has been given without any derivation,
discussion or appropriate verification [26–28]. Also, the
contribution of unwanted uncorrelated photons, which
occur in the intrinsically stochastic photon-pair gener-
ation in cavity-enhanced SPDC sources, has been only
poorly addressed.
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Here, we present a full theoretical description of the
signal-idler correlation based on the spectral properties
of a cavity-enhanced SPDC source [29]. Furthermore, we
expand the theory to the signal-signal and signal-signal-
idler correlation of two photon pairs. Since this includes
multiple photon pairs in the cavity at the same time,
where the first generated pair can stimulate another pair,
we have to take stimulated and non-stimulated process
into account. To verify the theoretical findings we use a
type-II SPDC crystal placed in a triply-resonant (pump,
signal and idler) cavity pumped far below threshold [19].
I. SIGNAL-IDLER CORRELATION
We first investigate the signal-idler correlation, which
is crucial for applications of SPDC sources as heralded
single photon sources. The second-order signal-idler cor-
relation function G
(2)
si (τ) can be expressed with the elec-
tric field operators Eˆ(+/−) [25, 28]
G
(2)
si (τ) = 〈Ψ|E(−)i (t)E(−)s (t+ τ)E(+)s (t+ τ)E(+)i (t)|Ψ〉
(1)
= |E(+)s (t+ τ)E(+)i (t)|Ψ〉|2, (2)
where |Ψ〉 is a two-photon state generated in an SPDC
process
|Ψ〉 =
∫
dωs
∫
dωi ψ(ωs, ωi)a
†
s(ωs)a
†
i (ωi)|0, 0〉, (3)
with the joint-spectral amplitude ψ(ωs, ωi) [30, 31]. Here
we discuss SPDC in the case where the bandwidth of the
generated photons is much smaller than the central fre-
quency. The electric field operator can then be approxi-
mated by [25]
Eˆ
(+)
s/i (t) ≈
∫ ∞
−∞
dω aˆs/i(ω) e
−i[ωt−kz], (4)
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2where aˆsi(ω) is the annihilation operator for the mea-
sured photon. For a monochromatic pump, as in our
case, the joint-spectral amplitude ψ(ωs, ωi) can be sim-
plified in terms of the phase-matching function f(ωs, ωi)
[32]
ψ(ωs, ωi) = δ(ωp − ωs − ωi)f(ωs, ωi). (5)
Plugging the definition of the E-field given in Eq. (4)
and the wave function of a generated SPDC pair from
Eq. (3) into the second-order signal-idler correlation func-
tion G
(2)
si (τ) defined in Eq. (2), leads to
G
(2)
si (τ) =
∣∣∣∣∣
∫ ∞
−∞
dωi aˆi(ωi)e
−i[ωit−kizi]
∫ ∞
−∞
dω˜i∫ ∞
−∞
dωs aˆs(ωs)e
−i[ωs(t+τ)−kszs]
∫ ∞
−∞
dω˜s
δ(ωp − ω˜s − ω˜i)f(ω˜s, ω˜i)aˆ†s(ω˜s)aˆ†i (ω˜i)|0, 0〉
∣∣∣∣∣
2
. (6)
From the commutator [aˆn(ω), aˆ
†
m(ω˜)] = δn,mδ(ω − ω˜),
we obtain a relation for the creation and annihilation
operators [25]
aˆn(ω)aˆ
†
m(ω˜)|0〉 = δn,mδ(ω − ω˜)|0〉 (7)
which can be used to simplify Eq. (6), yielding
G
(2)
si (τ) =
∣∣∣∣∫ ∞−∞ dωs e−iωsτf(ωs, ωp − ωs)
∣∣∣∣2. (8)
Eq. (8) shows that the second-order signal-idler correla-
tion function G
(2)
si (τ), for a monochromatic pump, is the
absolute value squared of the Fourier transform of the
phase-matching function f(ωs, ωi). This equation was
also given in [26–28] but without derivation, verification
or discussion.
To experimentally verify Eq. (8), we use a 2 cm long pe-
riodically poled potassium titanyl phosphate (PPKTP)
crystal with type-II phase-matching, which is placed in a
triply resonant cavity and pumped far below threshold.
The resonator has a finesse of about 8 for the pump pho-
tons and a higher finesse of about 15 for the signal/idler
photons. The source was designed to emit degenerated
signal and idler photons at the Cs D1 absorption line
(894.3 nm) with a bandwidth of 100 MHz [19]. A polar-
izing beam splitter (PBS) separates the generated signal
and idler photons, which are coupled into two individual
single-mode fibers (see Fig. 1). Super conducting single-
photon detectors (SSPDs) with low timing jitter are used
to measure the photons.
The signal-idler coincidence measurement (dots in
Fig. 2a) shows a comb structure where the height of in-
dividual peaks decrease with increasing detection time
Coincidence
Counter
PBSLP BP SSPD
SSPD
PPKTPpump
FIG. 1. Setup for measuring the signal-idler correlation.
The SPDC source consists of a 2 cm PPKTP crystal, which
is placed in a low finesse cavity to generate photons with
100 MHz bandwidth [19]. Residual pump light and non-
phased-matched background are suppressed by a long-pass
filter (LP) and a 1 nm bandpass filter for 894 nm (BP) af-
ter the cavity. Since the crystal is phase matched for type-II
down-conversion, the signal and idler photons are split by a
polarizing beam splitter (PBS) and collected into two sep-
arate single-mode fibers. SSPDs (Scontel) with a temporal
resolution of 40 ps for each detector are used to detect the
signal and idler photons.
differences of signal and idler photon. This structure
is caused by the cavity. The detection of one photon
projects the other photon to a wave packet of several lon-
gitudinal cavity modes. This wave packet bounces back
and forth between the cavity mirrors until eventually the
photon escapes after an integer multiple of cavity round-
trip times and is detected. The required phase-matching
function to evaluate the theoretical finding of Eq. (8) is
determined by the cavity and crystal parameters. The
number of measured coincidences depends mainly on the
pump power, integration time and detection probability.
However, the temporal correlation is independent of the
number of measured events. Therefore, the theoretical
curve is adjusted with respect to the maximum of the
central peak at τ = 0. Furthermore, a constant offset
was added to include uncorrelated background, e.g. gen-
erated by fluorescence inside the nonlinear crystal. The
convolution of the theoretical curve with the instrument
response function of our setup (dashed line in Fig. 2)
fits exactly to our measurement. A zoom-in reveals that
the theory predicts an interesting substructure in each
peak (solid line in Fig. 2b) which, however, can not be
resolved with our detectors. The different peaks of this
finer structure occur, because the two photons of a pair
accumulate an additional time difference each time they
pass through the birefringent crystal [26]. This constant
time difference and the fixed separation of the signal and
idler to their detectors, leads to an asymmetric correla-
tion. When the idler photon is used as time reference, the
substructure only occurs at negative correlation times.
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FIG. 2. Measured and theoretical second-order signal-idler
correlation. (a) Measured data (dots) and theoretical curve
(dashed line) calculated with Eq. (8), using the phase-
matching function of our source [33] convoluted with the over-
all temporal resolution of the setup. The distance between
the peaks corresponds to the round-trip time of photons in
the cavity. The exponential slope of the individual fringes
is determined by the reflectivity of the outcoupling mirror.
Negative correlation times correspond to the case where the
signal photon left the cavity and was detected before the idler
photon. (b) shows a zoom-in and a theoretical curve with a
much higher temporal resolution (solid line). The substruc-
tures, which can not be resolved in the experiment, originate
from the birefringence of the nonlinear crystal [25].
II. SIGNAL-SIGNAL CORRELATION
In this part, we will address the signal-signal correla-
tion. It characterizes the amount of pair bunching in the
SPDC process. As we will see, there is a subtle influence
of birefringence in this correlation, too. The second-order
signal-signal correlation function is [34]
G(2)ss (τ) = 〈Ψ|E(−)s2 (t)E(−)s1 (t+ τ)E(+)s1 (t+ τ)E(+)s2 (t)|Ψ〉
(9)
= |E(+)s1 (t+ τ)E(+)s2 (t)|Ψ〉|2. (10)
The wave function |Ψ〉 has to be expanded to two gener-
ated photon pairs, since we consider two signal photons
from two different photon pairs. However, only signal
photons in the same mode of the Fock state contribute
relevantly to the signal-signal correlation. Otherwise, the
second generated pair is not stimulated by the first gen-
erated pair and will be measured as a constant uncorre-
lated background. A delta function δ(ωs − ω˜s) takes the
stimulation of the second generated pair into account be-
cause it ensures that the two signal photons will be in the
same mode. The idler photons will end up in the same
mode automatically, because of energy and momentum
conservation. The wave function |Ψ〉 is then
|Ψ〉 =
∫
dωs
∫
dωi
∫
dω˜s
∫
dω˜i ψ(ωs, ωi)ψ(ω˜s, ω˜i)
δ(ωs − ω˜s) a†s(ωs)a†i (ωi)a†s(ω˜s)a†i (ω˜i)|0, 0, 0, 0〉. (11)
Using the second-order signal-signal correlation function
from Eq. (10) with the definition of the E-field given by
Eq. (4) and the wave function for two generated pairs
defined in Eq. (11) leads to
G(2)ss (τ) =
∣∣∣∣∣
∫ ∞
−∞
dωs1
∫ ∞
−∞
dωs2
∫ ∞
−∞
dω′s
∫ ∞
−∞
dω′i∫ ∞
−∞
dω˜s
∫ ∞
−∞
dω˜iδ(ωp − ω′s − ω′i)f(ω′s, ω′i)
δ(ωp − ω˜s − ω˜i)f(ω˜s, ω˜i)δ(ω′s − ω˜s)aˆs(ωs1)aˆs(ωs2)
aˆ†i (ω
′
i)aˆ
†
s(ω
′
s)aˆ
†
s(ω˜s)aˆ
†
i (ω˜i)e
−i(ωs2τ)|0, 0, 0, 0〉
∣∣∣∣∣
2
. (12)
The ladder operators in this expression can be reduced
with Eq. (7) to delta functions and the integrals can be
simplified to
G(2)ss (τ) =
∣∣∣∣∣
∫ ∞
−∞
dω′sf(ω
′
s, ωp − ω′s)2
aˆ†2i (ωp − ω′s)e−i(ω
′
sτ)|0, 0, 0, 0〉
∣∣∣∣∣
2
. (13)
The remaining creation operator acts on the vacuum
state and produces a factor of 2. Finally, the signal-signal
correlation function is
G(2)ss (τ) =
∣∣∣∣∣2
∫ ∞
−∞
dω′sf(ω
′
s, ωp − ω′s)2 e−i(ω
′
sτ)
∣∣∣∣∣
2
. (14)
The expression is similar to the signal-idler correlation
given by Eq. (8). However, the signal-signal correlation
is the absolute value squared of the Fourier transform of
the square of the phase-matching function.
To verify Eq. (14) experimentally, we use the same
cavity-enhanced SPDC source as for the signal-idler cor-
relation (see Sec. I). In the experiment, we want to
measure the temporal correlation of the signal photons.
To achieve that, the nonlinear crystal was temperature
tuned so that idler and signal spectra are no longer de-
generate. This enables spectral filtering by a 1 nm band-
pass filter in addition to polarization filtering to block
the idler photons. This is necessary since the suppres-
sion of just a polarization filter is insufficient to record
the signal-signal correlation function. The signal photons
pass the filtering system and are directed to a half-wave
4LP BP
SSPD 1
SSPD 2
Coincidence
Counter
PBSHWPPolarizerPPKTPpump
FIG. 3. Setup for measuring the signal-signal correlation. The
source is the same as for the signal-idler correlation, where sig-
nal and idler photons are orthogonally polarized. The emitted
spectrum is tuned so that signal and idler photons have differ-
ent frequencies. Therefore, the idler photons can be filtered
out with a polarizer and a bandpass filter. The signal photons
are send on a half-wave plate (HWP) and PBS combination
to split them equally to two SSPDs (Scontel) with a temporal
resolution of 40 ps.
plate (HWP) which rotates their polarization to diag-
onal so that the PBS splits them equally (see Fig. 3).
Again, the signal-signal correlation shows a comb struc-
ture (dots in Fig. 4a) with a decreasing probability for
longer time differences τ between detected photons. The
position of the peaks in this measurement is, analogous
to the signal-idler case, caused by the round-trip time in
the cavity. In spite of the spectral and polarization fil-
tering, there is still a contribution of residual signal-idler
correlations in the measurement. In order to account for
these contributions, we use the signal-signal correlation
given in Eq. (14) in combination with residual signal-idler
correlation of Eq. (8)
G
(2)
ss/si(τ) = a ·G(2)ss (τ) + b ·G(2)si (τ) (15)
with the parameters a=0.63 and b=0.37 (dashed line in
Fig. 4a). The background of this measurement is higher
than for the signal-idler case, due to uncorrelated signal
photons from non-stimulated pairs.
A closer look at the theoretical curve without a tempo-
ral convolution shows a substructure in the peaks (line in
Fig. 4b). Both detectors have an equal probability to de-
tect the first photon, leading to a positive and negative
part of the substructure. The signal and idler photon
of the first pair have a defined temporal correlation and
are able to stimulate the second pair. If just the signal
photon from the first pair would be able to stimulate the
second pair, we would expect a single peak without sub-
structure. However, the idler photon from the first pair
is able to stimulate a pair as well so that we obtain a
superposition of both probability amplitudes, leading to
a subtle birefringence-induced substructure in the signal-
signal correlation.
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FIG. 4. Measured (dots) and theoretical signal-signal corre-
lation with a convolution of the overall temporal resolution of
the setup (dashed line). Some of the idler photons passed the
filter system and were detected. Hence, the theoretical line is
a combination of 63% signal-signal correlation with a resid-
ual contribution of 37% signal-idler correlations as shown in
Eq. (15). (a) The correlation has peaks as for the signal-idler
correlation, where the distance corresponding to the round-
trip time. (b) A zoom-in and a much higher temporal resolu-
tion assumed in the theoretical curve (solid line) reveals a sub-
structure again, which arises by the combination of the idler
and signal probability to stimulate the second pair. The sub-
structure has positive and negative contributions since both
detectors have an equal probability to detect the first photon.
III. SIGNAL-SIGNAL-IDLER CORRELATION
Finally, we discuss the signal-signal-idler correlation.
This correlation addresses the question how multi-photon
detection events are influenced by uncorrelated photons
also generated in the stochastic pair generation in the
SPDC process. The three-photon signal-signal-idler cor-
relation is the simplest, yet instructive example for multi-
photon correlations. The second-order signal-signal-idler
correlation can be described analogously by [35]
G
(2)
ssi(τ1, τ2) = |E(+)s1 (t+ τ1)E(+)s2 (t+ τ2)E(+)i (t)|Ψ〉|2.
(16)
Since we consider three involved photons, the wave func-
tion |Ψ〉 has to take two generated photon pairs into ac-
count
|Ψ〉 =
∫
dωs
∫
dωi
∫
dω˜s
∫
dω˜i ψ(ωs, ωi)ψ(ωs˜, ωi˜)
a†s(ωs)a
†
i (ωi)a
†
s(ω˜s)a
†
i (ω˜i)|0, 0, 0, 0〉. (17)
Using the second-order signal-signal-idler correlation of
Eq. (16) with the definition of the E-field of Eq. (4) and
the wave function from Eq. (17) leads to
5G
(2)
ssi(τ1, τ2) =
∣∣∣∣∣
∫ ∞
−∞
dωs1
∫ ∞
−∞
dωs2
∫ ∞
−∞
dωi
∫ ∞
−∞
dω′s∫ ∞
−∞
dω′i
∫ ∞
−∞
dω˜s
∫ ∞
−∞
dω˜iδ(ωp − ω′s − ω′i)f(ω′s, ω′i)
δ(ωp − ω˜s − ω˜i)f(ω˜s, ω˜i)aˆs(ωs1)aˆs(ωs2)aˆi(ωi)
aˆ†i (ω
′
i)aˆ
†
s(ω
′
s)aˆ
†
s(ω˜s)aˆ
†
i (ω˜i)e
−i(ωs1τ1+ωs2τ2)|0, 0, 0, 0〉
∣∣∣∣∣
2
.
(18)
This expression can be simplified further with Eq. (7)
and solving the integrals with the delta functions to
G
(2)
ssi(τ1, τ2) =∣∣∣∣∣
∫ ∞
−∞
dωs1
∫ ∞
−∞
dωs2 aˆ
†
i (ωp − ωs2)f(ωs2, ωp − ωs2)
f(ωs1, ωp − ωs1) e−i(ωs1τ1+ωs2τ2)|0, 0, 0, 0〉
∣∣∣∣∣
2
. (19)
The action of the remaining annihilation operator aˆ†i (ωp−
ωs2) on the vacuum state, can be evaluated and results
in
G
(2)
ssi(τ1, τ2) =
∣∣∣∣∫ ∞−∞ dωs1 f(ωs1, ωp − ωs1)e−iωs1τ1∫ ∞
−∞
dωs2 f(ωs2, ωp − ωs2)e−iωsτ2
∣∣∣∣2. (20)
Eq. (20) is analog to Eq. (8) but has two independent in-
tegrals, one for each photon pair. Eq. (20) describes the
temporal behavior of two simultaneously generated pho-
ton pairs, which can be in different modes (see Fig. 5).
There are only certain time points where a triple coinci-
dence can occur. The time intervals depend on the round-
trip time of the cavity. The highest triple coincidence
probability appears when all three detected photons leave
the cavity at the same time. Each additional reflection
of a photon at the outcoupling mirror reduces the co-
incidence probability, as in the signal-idler correlation.
A zoom-in reveals a substructure as in the signal-idler
case (see Fig. 2) which arises from the slightly different
round-trip times of signal and idler due to the birefrin-
gence. The substructure has only negative contributions,
since the idler photon has a longer round-trip time in the
cavity and its detection defines τ = 0.
To verify the theoretical prediction in the measure-
ment, we have to expand the setup for measuring the
signal-idler correlation by an additional polarization
maintaining single-mode fibers, a HWP and a PBS to
split up the signal photons with a 50:50 chance on two
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FIG. 5. Second-order signal-signal-idler correlation of two
simultaneously generated photon pairs. Calculated with
Eq. (20) for a temporal resolution of 1 ps (left picture is binned
to 30 ps afterwards for improved illustration). ∆t1 (∆t2) is
the time difference between a detected signal photon 1 (signal
photon 2) and the detection of the idler photon. The highest
probability of a triple coincidence is when all involved pho-
tons leave the cavity together. This probability decreases with
each additional round-trip of one of the photons. Zooming in
shows a substructure of the correlation. This is caused by
birefringence in the crystal for the signal and idler photons,
which are polarized orthogonal to each other. The substruc-
ture is similar to the substructure in the signal-idler correla-
tion (see Fig. 2).
SSPDs, as shown in Fig. 6. We use an avalanche photodi-
ode (APD) with high temporal resolution (Micro Photon
Devices, 60 ps resolution) to detect the idler photons.
In order to verify the theoretical prediction, Eq. (20)
has to be adapted to the experimental setup. Since the
second signal photon is uncorrelated with the heralded
one, it can be generated later or earlier as well. Therefore,
we have to take all possible generation times into account.
If the uncorrelated photon is detected at SSPD 1, we have
to modify Eq. (20) to
G˜
(2)
ssi(t1, τ1) =
∫ t1max
t1min
dt1
(
G
(2)
ssi(τ1 + t1, τ2)
)
, (21)
where t1 is the generation time difference of the two pairs,
t1min and t1max are defining the minimum and maximum
correlation times that we consider.
Uncorrelated photons can not only be detected at
SSPD 1 but also at SSPD 2. Taking both possibilities
into account, leads to
G˜
(2)
ssi(t1, t2, τ1, τ2) =
∫ t1max
t1min
dt1
(
G
(2)
ssi(τ1 + t1, τ2)
)
+
∫ t2max
t2min
dt2
(
G
(2)
ssi(τ1, τ2 + t2)
)
−G(2)ssi(τ1, τ2), (22)
where we subtract G
(2)
ssi(τ1, τ2) because the simultane-
ous generated pairs would be counted twice otherwise.
6PBSLP BP
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SSPD 2
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PPKTPpump
FIG. 6. Setup for measuring the second-order signal-signal-
idler correlation. The source is identical to the one used to
measure the signal-idler correlation (see Fig. 1). The signal
and idler photons are split on a PBS. The idler photons are de-
tected by a fiber-coupled avalanche photo diode (APD) with
a timing resolution of 60 ps. The signal photons are collected
with a polarization maintaining fiber and send to a polarizer
to suppress remaining idler photons. The transmitted signal
photons pass a HWP and a PBS. The HWP rotates the polar-
ization of the signal photons to diagonal so that the following
PBS acts like a 50/50 beam splitter. The signal photons are
detected individually with the two SSPDs with a temporal
resolution beter than 40 ps (Scontel).
Fig. 7 shows a evaluation of Eq. (22), revealing addi-
tional stripes in comparison to the plot of two simultane-
ously generated photon pairs. These stripes occur when
the two detected photon pairs have no time correlation
to each other. However, one signal photon has always a
temporal correlation to the detected idler photon, leading
to the vanishing triple coincidence probability at certain
times. It can happen that the idler photon of the first
generated pair is not detected due to losses, but the idler
of a later generated pair, leading to negative correlation
times.
Fig. 8 shows the measured second-order signal-signal-
idler correlation for a correlation time window of 20 ns.
It can clearly be seen, that the highest probability of a
triple coincidence is detected when all photons are leav-
ing the cavity simultaneously. Additional round-trips
decreases the triple coincidence probability significantly.
The stripes of the uncorrelated photons are constant over
the entire measurement. A comparison with the theoret-
ical prediction (see Fig. 7) shows that the timing resolu-
tion was sufficient to resolve most features.
Fig. 9a shows a magnified part of the second-order
signal-signal-idler correlation measurement for compar-
ison with a convolution of the theoretical expectation
with an overall temporal resolution of the setup of 125 ps
(see Fig. 9b). A 2D cut through the measured data and
the theoretical expectation at ∆t1 = −2.25 ns shows that
theory and measurement match very well (see Fig. 9c).
Another interesting cut is through the middle (∆t1 = 0)
with the highest coincidence probability as shown in
Fig. 9d. It can be seen that the theory describes the
measurement very precisely.
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FIG. 7. Theoretical second-order signal-signal-idler correla-
tion taking uncorrelated photon pairs into account, calculated
with a resolution of 1 ps (left picture is binned to 30 ps for im-
proved illustration). The time difference ∆t1 (∆t2) describes
time different between a detected photon at the heralding
APD and SSPD 1 (SSPD 2). The peak positions of the co-
incidences are equal to the case of simultaneously generated
photons. Additionally, stripes can be seen which are caused
by uncorrelated signal photons. At least one of the two signal
photons has a time correlation to the detected idler photon,
allowing the detection of a triple coincidence only at certain
times. The uncorrelated signal photons are generated at a
different time then the detected idler photon, resulting in the
constant stripes.
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FIG. 8. Measured second-order signal-signal-idler correlation
with a binning resolution of 50 ps. The correlation resembles
a cross with the highest coincidence rates in the middle. The
triple coincidence probability decreases rapidly with increas-
ing time difference as expected from the theory (see Fig. 7).
The stripes are caused by signal photons, which where not
generated at the same time as the detected idler photons. The
stripes are constant over the entire measurement as predicted
by the theory.
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FIG. 9. Comparison of measured and theoretically predicted
second-order signal-signal-idler correlation with a binning of
50 ps. (a) measured correlation function. The measurement
shows separated peaks with high triple coincidence probabil-
ity and stripes from uncorrelated photons. (b) theoretical cor-
relation function which is identical to Fig. 7 but binned to a
resolution of 50 ps to match the measurement and convoluted
with an overall detector resolution of 125 ps. (c) Comparison
of the measured (dots) and theoretical model (solid line) at
∆t1 = −2.25 ns. To compensate for the noise in the measure-
ment, the average value over 5 bins are used for the direct
comparison. (d) the same as (c) for ∆t1 = 0 ns.
IV. CONCLUSION
We presented a complete and generalized theoretical
description of the signal-idler, signal-signal and signal-
signal-idler correlation for a continuously pumped cavity-
enhanced SPDC. The theoretical results match our mea-
surements exactly. Therewith, we demonstrate that the
time correlation of a cavity-enhanced SPDC source can
directly be derived from the joint-spectral density, which
is much easier to access experimentally than correla-
tion measurements with a very high temporal resolution.
Our theoretical description can be used to design cavi-
ties which fit to the requirements of an application even
when special temporal correlations, as in time-bin entan-
gled sources, are needed. Furthermore, it ensures the full
knowledge of a generated quantum state which is advan-
tageous for testing physical concepts or improving the
accuracy of measurements.
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